Morphogens exert their effects over long distances, typically by spreading from cell to cell to activate signal transduction in surrounding tissues. One example of a morphogen is the signaling molecule Hedgehog, which is involved in cell-fate specification and tissue patterning during development. Originally seen as molecules that diffuse freely in the extracellular space, most morphogens are now known to have a high affinity for biological membranes. This is particularly well documented for the Hedgehog family of secreted proteins, members of which bear two lipid moieties that act as membrane anchors (Mann and Beachy, 2004) . Hedgehog proteins also have a high affinity for heparan sulfate proteoglycans (HSPGs) that reside at the cell surface (Capurro et al., 2008) . Although HSPGs are expected to reduce the spread of Hedgehog (because they act indirectly as membrane anchors), several lines of evidence from earlier studies (mostly in Drosophila imaginal discs) suggest that they are required for Hedgehog gradient formation. In imaginal discs, Hedgehog is unable to cross patches of cells that lack the two HSPGs, Dally and Dallylike, or that are deficient in the assembly of heparan sulfate chains (Takei et al., 2004) . A current view is that HSPGs reduce the effective diffusion constant of Hedgehog, thus preventing rapid, unregulated dilution of the protein (Guerrero and Chiang, 2007; Saha and Schaffer, 2006) . However, a more specific involvement of HSPGs in Hedgehog transport (in passage from cell to cell, for example) cannot be excluded.
Strong association with membranes suggests that Hedgehog proteins are poor candidates for long-range signaling. Yet, extensive genetic and cell biological evidence demonstrates that they can act over distances of ten cell diameters or more to organize gene expression in a variety of tissues (Ashe and Briscoe, 2006) . To investigate how these unusual secreted molecules are dispatched to distant cells, Vyas et al. (2008) investigate the distribution of Hedgehog in the plasma membrane of Hedgehog-producing cells by high-resolution imaging.
The researchers expressed Hedgehog tagged with green fluorescent protein (GFP) in the squamous cells of Drosophila imaginal discs, as well as in cultured S2R+ insect cells. They then visualized Hedgehog protein in the plasma membrane using Fab fragments of anti-GFP antibodies. In both cell types, they observed Hedgehog throughout the cell surface and in localized optically resolvable clusters (an observation that will need to be confirmed in cells that normally express Hedgehog). Interestingly, these Hedgehog clusters colocalized at sites where the HSPG Dally-like also accumulates. The authors speculated that other HSPGs also may be present in these clusters, although they could not show this directly for lack of suitable antibodies. Vyas Hedgehog proteins are intercellular long-range signaling molecules that spread within tissues and activate gene expression during development. Vyas et al. (2008) propose that Hedgehog forms nanometer-sized oligomers that localize in proteoglycan-rich clusters at the surface of cells expressing Hedgehog. This nanoscale organization and enrichment in clusters ensures that Hedgehog is able to spread and activate signaling over many cell diameters.
that Hedgehog is recruited to preexisting HSPG-rich membrane clusters that can be optically resolved. In order to probe the submicroscopic organization of Hedgehog at the surface of living cells, Vyas and colleagues turned to time-resolved anisotropy decay experiments. In earlier work, the Mayor group developed instruments and methodologies to detect Forster's resonance energy transfer between identical molecules (homo-FRET). Clearly, homo-FRET cannot be detected by intensity measurements because the emission spectra of the donor and acceptor fluorophores are identical. However, because the donor and acceptor molecules rotate relative to each other in a subnanosecond time frame, FRET causes rapid depolarization of the emitted light. Therefore, the extent of depolarization (anisotropy decay) provides a measure of the proximity between individual fluorescently labeled Hedgehog molecules. Importantly, anisotropy decay can be measured in different spatial locations, allowing the nanoscale organization of Hedgehog to be probed in different regions of the cell surface. Although this technique is clearly a great asset for high-resolution studies, curve fitting algorithms and statistical analysis may need further scrutiny.
Using this technique, the authors find that anisotropy decay is faster within visible Hedgehog-HSPG clusters than in regions of the membrane where Hedgehog is distributed diffusely, implying that the oligomer-to-monomer ratio is higher in HSPG clusters than in diffuse regions. Interestingly, oligomer formation does not require HSPGs because the anisotropy profile in S2R+ cells is not affected by depletion of all four fly HSPGs by RNA interference. The authors go on to investigate the domains of Hedgehog that are required for oligomerization. They predict that lysine 132 (K132) might interact electrostatically with a distinct negatively charged surface on Hedgehog. Replacement of this lysine with alanine (K132A) led to a reduction in anisotropy decay, suggesting an impairment in oligomerization. Moreover, this mutation abrogated visible Hedgehog clustering, confirming that oligomerization is required for recruitment into HSPG-rich domains (although restoration of oligomerization by a compensatory mutation in the interacting surface would have provided absolute proof). Importantly, the authors then assessed the range of the K132A mutant Hedgehog protein in the columnar cells of Drosophila imaginal discs. This experiment was crucial because all of the preceding imaging done by the authors was performed in cells that do not normally secrete Hedgehog. The K132A mutant Hedgehog protein produced by the columnar cells failed to activate target genes beyond one cell diameter, even though this form of the molecule appeared to act normally on immediately adjacent cells. This finding suggests that monomeric Hedgehog can signal over a short range, whereas oligomerization within the plasma membrane is required for long-range action. Further work is needed to completely exclude the more trivial possibility that the reduced range of the K132A mutant Hedgehog could be due to reduced stability of the protein or reduced activity. For example, can this mutant protein, when expressed at endogenous levels, still activate expression of the engrailed gene in late wing imaginal discs, which require maximal levels of Hedgehog signaling? It will also be essential to demonstrate that the distribution of the K132A mutant Hedgehog protein is confined to neighboring Hedgehog-receiving cells, as predicted by the authors.
To integrate their results, the authors propose a model (Figure 1 ) whereby oligomerization allows Hedgehog to enter HSPG-rich domains. From these clusters, Hedgehog is then released for subsequent long-range transport. The exact mechanism of release remains to be addressed. It may involve transfer of Hedgehog onto lipoprotein particles, which would act as long-range transport vesicles, or the formation of micelles, which would diffuse in the extracellular space (Eaton, 2008) . In both cases, HSPGs are expected to modulate transport in receiving tissue. One prediction of the Vyas et al. model is that HSPGs are also required in secreting cells for the release of "long-range Hedgehog." However, removal of Dallylike activity in cells producing Hedgehog has recently been shown not to affect the range of Hedgehog signaling (Gallet et al., 2008) . Moreover, cells unable to elongate the heparan sulfate chains of HSPGs still secrete long-range Hedgehog (Takei et al., 2004) . These data suggest that HSPGs may not be required in Hedgehog-producing cells for long-range transport, although it is conceivable that the unmodified protein core rather than the mature HSPG is required. It will be important to determine whether depletion of all four core proteins of Dally, Dally-like, Perlecan, and Syndecan within the domain of Hedgehog expression (an experiment now feasible with current technology) interferes with long-range Hedgehog action.
The elegant work of Vyas and coworkers opens the door to the study of morphogens in vivo at the nanometer scale. The authors suggest that the nanoscale configuration of Hedgehog at the cell surface is relevant to its visible behavior and, ultimately, its in vivo activity. Further experiments are needed to relate the present findings to the apicobasal trafficking of Hedgehog, particularly as it pertains to Dispatched, a multipass transmembrane protein that is required for release of Hedgehog from the apical cell surface (Burke et al., 1999) . It will also be interesting to determine whether lipid raft structures (where Hedgehog has been reported to reside) are relevant for the nanoscale organization of Hedgehog and its clustering with the Dally-like HSPG. Lastly, given that Wnt signaling molecules also harbor two lipid moieties, oligomerization during signaling may turn out to be a common mechanism for long-range signaling among morphogens.
Yeast Ypt proteins are members of the Rab family of Ras-like GTPases that act as master regulators of membrane trafficking events. Like other small G proteins, Ypt/Rabs are active when bound to GTP and inactive once GTP is hydrolyzed to GDP. The subsequent release of GDP, needed to permit binding of GTP to Ypt/Rabs, is a very slow process that is accelerated several hundred-fold by guanine nucleotide exchange factors (GEFs). TRAPPI is a GEF for Ypt1p (Jones et al., 2000; Wang et al., 2000) and is a tethering factor that helps vesicles from the endoplasmic reticulum (ER) engage their Golgi target (Sacher et al., 1998).
Unlike the monomeric GEFs characterized for many other small GTPases, TRAPPI comprises seven subunits (Bet5p, Bet3p, Trs20p, Trs23p, Trs31p, Trs33p, and Trs85p) , and four of these subunits (Bet5p, Bet3p, Trs23p, and Trs31p) are required for Ypt1p GEF activity (Kim et al., 2006) . Why might multiple TRAPPI subunits be required? One possibility is that different subunits stabilize each other or hold onto Ypt1p so that a single subunit could provide GEF activity. Alternatively, multiple subunits might contribute to the catalytic function of TRAPPI. In this issue, Cai et al. (2008) present the cocrystal structures of the minimal TRAPP GEF core (two copies of Bet3p and one copy each of Bet5p, Trs23p, and Trs31p) in a complex with a C-terminally truncated Ypt1p. These results demonstrate how Ypt1p binds to TRAPPI and reveal a role for each of the subunits in GEF catalysis.
Previous structural analysis of mammalian TRAPPI subcomplexes led to the proposal that Ypt1p interacts with Trs23p and Bet5p subunits (Kim et al., 2006) , and mutation of Trs23p inhibits GEF activity. In support of this notion, Cai et al. (2008) 
